First-principle calculation was employed to investigate the surface stability for (100), (110), and (111) low-index facets of LiNi 0.5 Mn 1.5 O 4 (LNMO) crystallographic structures with a P4 3 32 space group and phase transitions at the surface regions of Ni 0.5 Mn 1.5 O 4 . The calculated surface energies of (100) and (111) facets with Li-terminations are 1.39 and 1.40 eV, respectively, indicating that both these facets of the LNMO are stable according to the calculation results. Defect formation energies and diffusion barriers of Ni and Mn in surface facets of the Ni 0.5 Mn 1.5 O 4 are much lower than those in the bulk. This suggests that the Ni and Mn ions in the surface regions of the LNMO easily occupy the tetrahedral Li-positions during delithiation process, which supports the experimental results and explains the surface structure changes of the LNMO upon delithiation.
Introduction
Typical lithium-ion batteries (LIBs) consist of anode, cathode, and electrolyte. To cope with the great demands for high performance, scientists are designing and developing new electrode materials for the LIB S . Recently, the electrochemical performance of the anode materials has been significantly improved [1] [2] [3] [4] . Whereas, cathode electrode materials with a high energy capacity and good thermal stability are becoming the critical factor for the successful applications of the LIBs into portable electric devices and plug-in hybrid electric vehicles. Spinel structural LiNi 0.5 Mn 1.5 O 4 (LNMO) crystal used as the cathode material for the LIBs has received much interest owing to its higher specific energy capacity of 146.6 mAh/kg, higher rate performance, and higher operating voltage (above 4.7 V) than those of the currently used cathode materials of LiCoO 2 and LiFePO 4 [5] [6] [7] [8] .
LNMO has two different crystal structures with P4 3 32 and Fd-3 m space groups, which are related to the arrangements of atoms in the cells. For the LNMO with the P4 3 32 structure, Mn and Ni atoms occupy 4b and 12d sites, respectively. Li atoms occupy 8c sites, and O atoms occupy the 8c and 24e sites [9] . For the LNMO with the Fd-3 m space group, Li ions are located at 8c sites. Mn and Ni ions are randomly distributed in 16d sites, and O ions occupy the 32e sites (as shown in Fig. 1 ). These two types of the LNMO were synthesized experimentally and used as cathode materials for the LIBs [10] . The transformation of the LNMO from Fd-3 m to P4 3 32 during hightemperature annealing was found to occur at about 700°C [10] .
Yoon et al. found that the capacity of the LNMO with Fd-3 m space group deteriorated rapidly at 60°C upon lithiation/delithiation cycles [11] . The deterioration of the capacity causes problems for the commercial application of the LNMO in practice, especially at high temperatures. To improve the electrochemical properties of the LNMO, nano-and micron-sized LNMO was synthesized, and nano-and micron-scaling effects of the LNMO were investigated as the cathode electrode materials for the LIBs [12] [13] [14] [15] . Both experimental analysis and theoretical calculation indicated that the micron-sized LNMO can be used as a cathode material with a good rate performance [15] .
Surface properties of the electrode materials play critical roles in the surface reactions and stability during electrochemical cycling for LIBs [16, 17] . Surface modifications of the LNMO spinel materials using carbons, AlF 3 , nano-Y 2 O 3 , TiO 2 , and Al 2 O 3 coatings have been explored to improve their electrochemical performance [12, [18] [19] [20] . Results indicated that the surface properties of electrode materials have a prominent effect on electrochemical properties of the LNMO used as cathode materials for LIBs. Lee et al. [14, 21] have investigated the surface stability of LNMO using the density functional theory (DFT). They predicted that the (111) facet is the energetic favorable surface for the LNMO and concluded that nano-scale LNMO as the cathode electrode material can improve the electrochemical properties of the LIBs, such as rate capability. Hai et al. [22] experimentally found that the rate capability and diffusion properties of the LNMO single crystal with a (111) surface are superior to the one with a (112) surface.
The surface atomistic structures of electrode materials can be easily identified using transmission electron microscope (TEM) and scanning TEM (STEM) [23] [24] [25] . Several TEM/STEM studies have revealed Ni tends to segregate on the surface the LNMO cathode, which results in a structural transition [24] . Recently, Pan et al. [26] investigated the surface facet segregation of Ni and Co in the LNMO using intensive aberration-corrected STEM. They found that Ni and Co show strong facet selectivity when building up their surface segregation layers: Ni prefer to segregate on (200) crystalline plane of LiMn-rich oxide, whereas Co has a strong preference to (20-2) one [26] . Lin et al. [27] found using an STEM, a layer of Mn 3 O 4 -like structure with a thickness of *2 nm was observed on the surface of the LNMO cathode materials during the initial charging to 4.9 V. They found that the surface phase transition resulted in the diffusion of Ni/Mn ions into the Li ion positions. DFT simulations have been successfully used to show that the O deficiency will promote Ni/Mn ions diffusion from octahedral positions to tetrahedral Li ion positions in the bulk LNMO [9] .
Fundamental understanding of the surface structure and surface phase transition is crucial to improve the electrochemical performance of cathode materials. In this work, the surface energies of (100), (110), and (111) low-index facets of the LNMO were investigated using the DFT. The diffusion of Ni/Mn ions on the surface NMO was investigated and compared with the experimental results.
Computational methods
Surface energies of (100), (110), and (111) facets and surface defect chemistry were calculated using the SIESTA (Spanish Initiative for Electronic Simulations with Thousands of Atoms) code [28] based on DFT [ 29, 30] . The electron exchange-correlation functional was described using generalized gradient approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE) function [31] . Norm-conserving pseudo-potentials [32] were used to describe the interactions between the core electrons and valence electrons.
Simply employing the GGA by the omission of onsite coulomb interaction is considered to be insufficient to capture the correct electronic state of materials. GGA ? U can improve the description of the electronic structure. The surface properties of the spinel LiMn 2 O 4 were studied by Karim et al. [33] using both the GGA and GGA ? U for the electron exchange-correlation functional. However, simulation results demonstrated that although the surface energies calculated using the GGA and GGA ? U differ by the absolute values, the resulting Wulff shapes obtained using these two are comparable due to their similar relative surface energies. We have also calculated the diffusion barriers in the bulk LNMO using GGA ? U, and the results showed that the energy barrier is 3.6 eV for the Ni to diffuse from its original lattice site to an tetrahedral site [9] . As will be discussed in the Results Section, the diffusion barrier calculated is 3.7 eV for the Ni diffuse along the same path by the omission of the on-site coulomb interaction. Therefore, we conclude that the omission of the on-site coulomb interaction in our work would not significantly affect our conclusion.
The valence electron wave functions were expanded using double-f basis functions. An energy cutoff of 150 Ry was used for the Fourier expansion of the density and the Monkhorst-Pack k points (4 9 4 9 4 and 4 9 4 9 1 for bulk and surface calculations, respectively) was used for sampling the Brillouin zone. Atomic positions in the pristine crystal structure and the surface structure were relaxed until the forces on each atom became less than 0.02 eV/Å . A vacuum layer of 25 Å was used to avoid the interactions between adjacent surfaces.
The surface energies (DE surf ) were calculated using Eq. (1) [34] .
where DE cl is the cleavage energy, which is defined as the energy required per unit area to split the bulk crystalline structure into two complementary surfaces on either side of the vacuum slab. DE rel represents the energy difference between the relaxed surface structure and unrelaxed one. DE cl and DE rel were calculated using Eqs. (2) and (3), respectively.
where A is the area of T 1 -or T 2 -terminated surfaces; E unR (T 1 )and E unR (T 2 ) refer to the total energies of the unrelaxed structures with T 1 -and T 2 -terminated surfaces, respectively; E cell is the total energy of the bulk cell, and n is the total number of bulk units in these two complementary surface structures. The value of 1/4 was used for indicating that four surfaces are created upon the crystal cleavage. The relaxation energies DE rel for the T-terminated surface can be defined as
where E surf R (T) and E surf unR (T) are the total energy of T-terminated surfaces which have been relaxed and unfixed, respectively. The value of 1/2 used means there are two surfaces for a slab.
The defect formation energy of the TM tetral -Vac TM complex was calculated using Eq. (4). This defect complex is composed of transition metal (Ni or Mn) moving to tetrahedral site with transition metal vacancy in its original lattice position:
where the E(TM tetral -Vac TM ) and E(perf) are the total energies of NMO bulk or slab with and without TM tetral -Vac TM defect complex, respectively.
Results and discussions
The Table 1 . The calculated surface energies of (100), (110), and (111) with different terminations are listed in Table 1 . The (100) and (111) STEM observation showed that the delithiated LNMO samples have different atomic configurations compared with the spinel structures at the surface upon initial delithiation [27] . It was found that the Ni or Mn ions move to the tetrahedral sites of the spinel structure at the surface, which was previously occupied by the Li ions before the delithiation process. The migration of the Ni/Mn ions from the octahedral sits to the tetrahedral sites has also been observed in the spinel LNMO upon heating [9, 27, 35, 36] .
In order to understand the defect formation on the surface, the defect formation energies of TM tetralVac TM complex in the bulk and (110) surface of a fully delithiated LNMO (namely NMO) were calculated using Eq. (4), and the results are listed in Table 2 . The defect formation energies of the Ni tetral -Vac Ni and Mn tetral -Vac Mn complexes are 2.13 and 2.51 eV in the bulk NMO, respectively. These values are decreased to 1.25 and 1.31 eV when these complex appears on the (110) surface of the NMO, respectively. The defect formation energies are significantly reduced compared with those in the bulk counterpart, which indicates that the TM tetral -Vac TM complex tends to form on the surface of the NMO.
The diffusion energy barriers for the Ni migration from the octahedral site to the tetrahedral site in (110) surface and bulk of NMO are shown in Fig. 4(a) , i.e., migrating form crystalline lattice site to an interstitial site. The calculated diffusion barriers are 3.70 eV and 1.48 eV for the Ni diffusion in bulk and surface of the NMO, respectively. This indicates that it is easier for the Ni atom to diffuse from an octahedral site to the tetrahedral site on the surface of NMO than in the bulk during the delithiation process. The energy curves of the Ni diffusion on the surface are quite different compared with those in the bulk. A new metastable position appears when the Ni diffuses from the octahedral site to the tetrahedral site on the (110) surface. Several key positions along the migration path in the bulk and on the surfaces are shown in Figs. 4b and c, respectively. The Ni diffuses from the octahedral site to a neighboring tetrahedral site by passing through a tetrahedral site enclosed by four oxygen atoms with an energy barrier of 3.70 eV as shown in Fig. 4b . Whereas, the Ni diffuses on the (110) surface from the octahedral site to a metastable B site by passing through a polyhedral composed of seven oxygen atoms with a Ni-O bond Fig. 4c . Ni also diffuses from the metastable octahedral interstitial site to the surface tetrahedral site by passing through another octahedral composed of six oxygen atoms (with a Ni-O bonding length of 1.73 * 2.57 Å ) with an energy barrier of 0.75 eV. The results should be related to the surface reconstruction of the NMO. The surface atomic layer of the transitional metal moves to its sub-layer by a displacement of about 0.18 * 0.19 Å on the (110) surface the NMO. Accordingly, the surface spinel structure is destroyed, but the result does not show much change in the bond for both the sub-layer and the bulk. This causes that the surface tetrahedral Li-positions are different from the bulk with atomistic configurations. On the surface, the diffusion paths of the Ni from the octahedral site to the tetrahedral site will be blocked once the Ni atoms occupy the octahedral interstitial site. According to diffusion energy barrier curves of the Ni on (110) surface of the NMO (see Fig. 4a ), the diffusion energy barrier is 1.44 eV when the Ni migrates from the Ni octahedral site to the octahedral interstitial site. Whereas, the energy barrier is 0.75 eV when the Ni migrates from the octahedral site to a nearest tetrahedral one.
The diffusion of Mn in the bulk and surface layer of the NMO shows similar behaviors as those of the Ni as shown in Fig. 5 . The diffusion barriers are 3.39 and 1.80 eV for bulk and surface diffusions, respectively. Two metastable sites of B and C (as shown in Fig. 5 ) also appear when the Mn diffuses in the surface of the NMO.
The above results clearly indicate that the Ni/Mn atoms in the octahedral site will migrate to the tetrahedral site on the surface of the LNMO when the octahedral interstitial sites are occupied by the Ni/ Mn. Results suggest that the transitional metal atoms diffuse easily from the octahedral site to the tetrahedral Li-positions on the surface of the LNMO crystallographic structure during the delithiation process, which agrees well with the previous experimental observation [27] .
Conclusions
Surface structures of the LNMO and defect chemistry on the (110) surface of a fully delithiated LNMO were studied using the DFT. The calculated results indicate that the (100) and (111) surfaces of the LNMO are energy stable than that of (110) surface. Defect formation energies and diffusion barriers of Ni and Mn are much lower in the (110) surface than those in the bulk material. TM tetral -Vac TM complex could be easily formed on (110) surfaces, which strongly supports the previous experimental observation [27] . 
